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@ Batteries and materials useful therein. 

(57) Batteries based on lead chemistry, e.g., lead-acid batteries, are substantially improved through the 
use of a particular positive material. This material is formed by the electrochemical conversion of 
tetrabasic lead sulfate (TTB) where this TTB is synthesized at a pH in the range 9.3 to 12 and under 
reaction conditions that provide a substantial excess of sulfate to the reactive lead. The resulting 
materials provide needle-like structures with a width generally in the range 3 to Vm. The relative narrow 
needles, when employed on the positive electrode of a lead acid battery, improve the efficiency of 
formation, provide good adhesive to the positive plate, extend battery life, as well as, yield excellent 
capacity per gram of active material. 
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Background of the Invention 

1. Technical Field 

5 This invention relates to batteries, and in particular, batteries based on lead chemistry. 

2. Art Background 

Batteries, such as lead acid batteries, are ubiquitous in today's society. Lead batteries are employed for 

10 many uses such as in the electrical systems of automobiles. Additionally, these batteries are employed in ap- 
plications such as emergency power for telecommunication systems where occasional, but extremely reliable, 
use is necessitated. Such diversified use imposes an equal diversity of required properties. 

The structure of the positive plate of a lead based battery is a primary factor affecting its life and its current 
generating efficiency. Lead dioxide is employed as the active positive material. Typically, a paste of a precursor 

15 to the lead dioxide is applied to a lead grid to make the positive plate. The precursor is then electrochemically 
oxidized to the lead dioxide. 

In particular, for conventional positive plate fabrication, powders of Pb, PbO, Pb 3 0 4 or their mixtures are 
mixed with water and H 2 S0 4 to form a paste with good adhesivity to the lead grid. This paste, depending on 
the ratio of starting materials, rate of mixing and the temperature, contains mixtures of the initial powders, lead 

20 sulfate, and basic lead sulfates such as PbOPbS0 4 , 3PbOPbSO 4 .H 2 0, and 4PbOPbS0 4 (TTB). The paste is 
applied to a lead or lead alloy grid and the plates are cured. Curring consists of exposing the plates to a con- 
trolled environment of temperature and humidity, where further reaction of the ingredients occur, resulting in 
a different ratio of the lead oxides, sulfate, and the basic lead sulfates. The cured plates are then immersed 
in sulfuric acid where, in a step denominated formation, the paste material is electrochemically oxidized to 

25 PbO z , the active material of the positive plate of the lead acid battery. 

TTB, which crystallizes as large elongated prismatic crystals, undergoes anodic conversion to Pb0 2 with- 
out losing the prismatic structure. The interlocking of these prismatic crystals provides mechanical strength 
to the positive plate and are thus less susceptible to shedding during battery cycling. For this reason, batteries 
for deep cycling are generally manufactured with a large amount of TTB in the active material at the end of 

30 the curing process. The large crystals of TTB typically employed provide strength to the positive electrode dur- 
ing use, but their formation is inefficient and their utilization (capacity per gram of active material) is lower 
than other oxides. Indeed, electrodes made with a large amount of TTB have up to 25% less capacity than 
conventional electrodes and often require up to 30 deep charge-discharge cycles to reach their rated capacity. 
Biagetti (U.S. Patent 3,765,943, dated October 16, 1973) discloses a process to produce TTB crystals by 

35 reacting, at a temperature above 70°C, stoichiometric ratios of orthorhombic PbO and sulfuric acid in an aqu- 
eous solution using a slowly stirred reaction vessel. Plates are made by mixing the resulting TTB with water 
and applying the resulting paste to a lead grid. These plates containing essentially 100 % TTB have long life. 
However, as discussed, the oxidation of the TTB to Pb0 2 is relatively inefficient due to the large size of the 
crystals employed. 

40 Thus, although prismatic crystals of TTB improve the adhesion of active material during use, their perfor- 

mance has not been entirely satisfactory. The capacity per gram of active material is generally lowerthan plates 
formed by conventional techniques. Additionally, conversion from the precursor into the active material is rel- 
atively slow. Improvement in conventional lead acid batteries, and in particular, the lifetime of such batteries, 
is quite desirable. Approaches for use of new precursor crystals have indeed generated hope that lifetime can 

45 be improved. Nevertheless, these approaches, although offering enhanced lifetimes, often yield batteries that 
are somewhat inefficient to produce and that have reduced capacity per gram of active material 

Summary of the Invention 

50 The use of a specific precursor positive electrode material yields adhesion characteristic of TTB and yet 

provides improved capacity and formation efficiency relative to conventional materials. This invention involves 
the reaction of lead oxide with an excess of sulfate. In one embodiment, a precursor is prepared by reacting 
lead oxide with sulfuric acid in the presence of an excess of sulfate to form a paste and applying the paste to 
a grid with subsequent curing. Control of the temperature below 60°C in the reaction medium and of the sulfate 

55 excess yields, after curing at a temperature above 70°C and 100% humidity, a positive plate having an ex- 
tremely uniform prismatic size, TTB and a uniform pore distribution. Most significantly, the width of these crys- 
tals is extremely narrow-having average dimension in the range 1 to 2 microns-allowing rapid conversion to 
lead oxide from the precursor and further providing enhanced adhesion and current capacity attributes. Thus, 
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the lead oxide obtained after conversion has prismatic crystals with an average crystal width less than 2.5ujm. 

In a second embodiment, TTB of relative small prismatic size is achieved by just reacting lead oxide with 
sulfuric acid in a stirred aqueous solution containing excess sulfate at temperatures above 60°C to immediately 
form TTB. The TTB is mixed with water to form a paste. Positive plates made by applying this paste to a lead 
5 grid and converted to lead oxide, also have higher current capacity attributes. 

Brief Description of the Drawings 

FIG. 1 is a graph plotting the average width of the TTB crystals versus the excess sulfate per reactive 
10 lead in the reaction. 

FIG. 2 is positive electrodes potential versus a Hg/HgS0 4 (1.3 sp. gr. H 2 S0 4 ) reference electrode versus 
time of formation for reactions 1, 3, and 4 in Example 1. 

FIG. 3 is cyclic voltagrams (potential versus current) for positive electrodes indicating increasing capacity 
with decrease in TTB crystal size. 
15 FIG. 4 is pore size distribution, pore volume versus pore diameter for experimental and control positive 

plates after formation prepared as described in Example 4. 

FIG. 5 is utilization, capacity per gam of active material versus discharge current indicating the higher util- 
ization of the experimental plates over the control plates of Example 4. 

20 Detailed Description 

As discussed, the invention involves a battery based on lead chemistry having a lead dioxide positive plate. 
The battery includes a positive plate, a negative plate, and electrolyte medium. The composition of the cathode 
and electrolyte are not critical and are typical those used in conventional batteries. A wide variety of suitable 

25 electrolytes and negative electrodes are described in compendiums such as "Storage Batteries", G. W. Vinal, 
John Wiley & Sons, 1955, "Storage Batteries and Rechargeable Cell Technology", L. F. Martin, Noyess Data 
Corp., 1974, and "Electrochemical Power Sources", ed. M. Barak, Peter Perogrinus Ltd., 1980. Briefly, typical 
electrolytes include sulfuric acid of a molarity in the range of 3 to 6, and typical negative materials generally 
include a combination of elemental lead and an expander. A variety of geometries are available for the battery 

30 structure and conventional geometries such as described in Vinal , Martin , and Barak supra are employable. 

The material used as the electrochemically active component of the positive electrode should have a spe- 
cific composition, i.e., should have a prismatic crystal structure with an average dimension measured normal 
to the long axis of less than 3 microns. Compositions satisfying this criterion are preferably produced by a spe- 
cific reaction sequence to form a precursor material with subsequent electrochemical conversion of this pre- 

35 cursor to the desired lead dioxide composition. Conversion of the precursor to the lead dioxide is accomplished 
by conventional techniques such as described in Vinal , Martin , and Barak supra . Typically, such conversion 
techniques involve electrochemical oxidation of the precursor applied to a supporting structure such as a lead 
grid. 

The precursor for the above described conversion is formed by reacting lead oxide with sulfuric acid, for 
40 example, as described by Biagetti supra (which is hereby incorporated by reference) but in the presence of an 
excess of sulfate. Typically, for conversion, this reaction is performed in an aqueous medium. This aqueous 
medium includes the sulfate present as a sulfate salt such as sodium sulfate. The pH and temperature of the 
reaction medium and the quantity of sulfate present relative to lead determines whether TTB is obtained. Bode, 
H. and Voss, E., Electrochemica Acta , Vol 1 , p 318-325, 1959, and "Lead-Acid Batteries", H. Bode, John Wiley 
45 & Sons, 1977. Generally the pH of the reaction medium should be in the range 9.35 to 12. For a pH below 
9.35, TTB is not formed, while for a pH above 1 2, lead monoxide is stable. To form TTB directly without curing, 
the temperature of the reacting medium should be greater than 60°C, preferably 80° to 90°C. Below 80°C the 
reaction begins to slow and above 100°C the water boils leading to loss of experimental control. Temperatures 
below 60°C result in only tribasic lead sulfate and the two polymorphs, tetragonal and orthorhombic, of lead 
so monoxide. Conversion of this combination to TTB is effected by subsequent heating (such as curing) to above 
70°C. 

Provided the pH and temperature are maintained in the desired range, 1 mole of sulfate reacts with 5 moles 
of lead oxide to form TTB. The effect of sulfate in excess of the stoichiometric amount is shown in FIG. 1. As 
can be seen, the average dimension achieved is strongly dependent on the degree of sulfate excess. Generally, 
55 to obtain the desired crystal dimensions, a sulfate excess relative to reactive lead (i.e. the ratio of excess sulfate 
in moles above stoichiometry to the amount of lead present in moles) should be greater than 0. 1, preferably 
in the range 0.2 to 2. This excess generally is obtained by adding sodium sulfate. 

Generally, for reactions done at temperatures above 60°C, the reaction of sulfuric acid with lead oxide is 
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continued over a time period of 2 to 4 hours. Reaction times of less than 2 hours often tend to yield incomplete 
reaction, while reaction times longer than 6 hours, although not precluded, are inefficient and thus uneconom- 
ic. Reaction performed at temperatures below 60°C should be done in a medium having a pastey consistency, 
i.e. a liquid to solids ratio of about 2 or less. In this embodiment, the precursor is prepared by reacting lead 
5 oxide with sulfuric acid in the presence of an excess of sulfate to form a paste and applying the paste to a grid 
with subsequent curing. The paste is pasted onto lead grids and cured, by exposure to a control environment 
of temperature greater than 70°C and high relative humidity (typically 100%) from 6 to 16 hours. The curing 
gives in-situ precipitation of small TTB crystals, the size dependent on the sulfate excess relative to reactive 
lead, FIG. 1. In addition, in this embodiment, a uniform pore distribution is obtained which also aids in the su- 
w perior performance of the positive plate. This reaction sequence based on an initial formation of tribasic lead 
at below 60°C has the advantage of yielding unusually narrow TTB crystal size distribution. 

The reactive lead should be introduced as orthorhombic lead oxide (i.e., at least 80% mole percent should 
be in the orthorhombic form). Use of other forms of lead oxide is not precluded. 

The following examples are illustrative of batteries within the invention and methods of their fabrication. 

15 

Example 1 

Tetrabasic lead sulfate (TTB) was synthesized by reacting orthorhombic lead oxide (PbO) with a stoichio- 
metric amount of sulfuric acid. Asolution (100 cc) containing varying amounts of Na 2 S0 4 between 0.01 to0.05M 

20 and acidified to pH=2 by adding H 2 S0 4 , was heated to 85°C, and then the PbO (5 gms. of Pb) was added to 
it. The mixture was stirred for approximately 4 hours at this temperature and continuously titrated with the re- 
maining H 2 S0 4 to maintain a constant pH of 10. Conversion to TTB was indicated by a change in the color of 
the solution from bright yellow to a sandy color. The solution was allowed to cool below 35°C, with stirring, 
t he product was filtered, dried in a vacuum oven at 35°C and the solid phase was confirmed by x-ray diffraction. 

25 Larger quantities of TTB were synthesized in a similar fashion by reacting either 25 gms. or 200 gms. of lead 
oxide in 200 or 1000 cc of 0.5M Na 2 S0 4 solutions respectively (Table I). 



Table I 



Reaction 


PbO 


Na 2 SQ 4 


Ratio 


TTB width 


No. 


(gms.) 


(ml.) 


(M) 




(am.) 


1 




100 


0 


0.0 


3.46 


2 


5.39 


100 


0.001 


0.035 


2.38 


3 


5.39 


100 


0.01 


0.35 


1.96 


4 


5.39 


100 


0.05 


1.73 


1.43 


5 


25 


200 


0.5 


0.92 


1.52 


6 


200 


1000 


0.5 


0.58 


1.65 



Monobasic lead sulfate (PbO.PbS0 4 ) and tribasic lead sulfate (3PbO.PbS0 4 .H 2 0) were prepared by re- 
acting stoichiometric amounts of PbO and H 2 S0 4 . PbO was added to water acidified to pH=2 with H 2 S0 4 and 

45 at 55°C and then adding the remaining acid drop wise with stirring. The products were dried and the phases 
confirmed by x-ray diffraction. TTB was also synthesized by reacting the mono- and tri-basic lead sulfate (5 
gms. Pb) with 0.5M and 0.1 M NaOH solution, respectively, at 85°C. The solution was titrated to a constant 
pH of 10. Cooling and separation were as described above. In all cases, the resultant TTB crystals were ex- 
amined by scanning electron microscopy and their size measured at 2460X magnification. 

50 FIG. 1 is a plot of the size (mean width) of the TTB particle synthesized in the presence of varying amounts 

of sulfate present in the solution during the reaction. The size of the TTB decreased as the excess sulfate con- 
centration increased. The point marked (10) is the TTB produced with no Na 2 S0 4 added. The points marked 
(20) were in the presence of excess sulfate added as Na 2 S0 4 . The points marked (30) and (40) are forreaction 
of 3 PbO.PbS0 4 .H 2 0 and PbO.PbS0 4 with NaOH as shown in the following equations: 

55 5(3PbO.PbS0 4 .H 2 0) + 2NaOH = 4(4PbO.PbS0 4 ) + Na 2 S0 4 + 6H z O 

5(PbO.PbS0 4 ) + 6NaOH = 2(4PbO.PbS0 4 ) + 3Na 2 S0 4 + 3H 2 0 
The length of the particles varied from 10 to 30 microns on all the reactions. However, on observation, it 
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was found that many of the particles were broken, probably due to excessive stirring and handling, and there- 
fore, they could not be accurately measured. There was a distinct variation in the width of the particles that 
could be accurately measured. (The width has the largest effect on the resultant surface area per gram of the 
active material precipitated and directly effects the electrochemistry of the charge-discharge reaction.) 

5 

Example 2 

Pastes were made by adding water to the TTB powders made in Example 1, reaction nos. 1, 3 and 4, and 
these pastes were attached to a lead grid (3 x 3 x 0.076cm.). The resultant electrode was dried in moist air at 

10 40°C for 24 hours followed by further drying at room temperature for an additional 24 hours. The porosity of 
the electrodes was measured by the water pick-up technique. All the electrodes contained approximately 2 
grams of TTB and had a porosity of 68 to 71 %. The electrodes were placed between two conventional negative 
electrodes of the lead-acid system and separated by a 0.5 cm. glass fiber separator. The electrode stack was 
electrochemically oxidized to Pb0 2 in 1 .020 sp. gr. H 2 S0 4 (0.42M) at room temperature for 48 hours at 20 mA. 

15 The total charge applied represented 200% of that required based on a two electron conversion. All the samples 
were converted to Pb0 2 as confirmed by x-ray diffraction. The electrode stack was then transferred to 1.300 
sp. gr. H 2 S0 4 (5.3M) and potentiodynamically cycled between 850 and 1400 mV at a scan rate of 0.1 mV/s. 
All potentials were measured with a Hg/HgS0 4 (1.300 sp. gr. H 2 S0 4 ) reference electrode placed close to the 
working electrode, with no IR correction. 

20 The potential of the electrodes made with the TTB of different sizes versus time of formation is shown in 

FIG. 2. All the plates started at a high potential (1 .8V) due to the low conductivity of the TTB. As the formation 
proceeded and the active material was converted to PbO z , which has close to metallic conductivity, the po- 
tential dropped to a minimum. At this potential, the main reaction was conversion of the TTB to Pb0 2 . As more 
of the surface of the active material was converted, the potential began to rise again and reached a new plateau 

25 value. The main electrochemical reaction at this potential was the reaction of water to produce oxygen. How- 
ever, a small part of the current continued to oxidize the active material to Pb0 2 . Table II represents formation 
time (time before it reaches a plateau of potential) which is an arbitrary indication of the formation efficiency. 
These times can be compared to the times required for formation with 100% efficiency. In these experiments, 
200% of the theoretical charge required for formation was passed, and all the electrodes were completely con- 

30 verted to Pb0 2 . 



Table II 



Reaction 


Active Material 


Formations 


Capacity 


Utilization 


No. 


(gms.) 


(hours) 


(mAh) 


(mAh/gm) 


1 


2.06 


8.4 


131 


64 


3 


1.94 


12.0 


209 


107 


4 


1.97 


14.1 


278 


141 



After formation, the electrode stack was cycled in 1.300 sp. gr. H 2 S0 4 , the acid of interest in the battery. 
The cyclic voltagrams for the 5th cycles for the electrodes of decreasing size of the TTB is shown in FIG. 3. 
The area under the curve in the negative current direction represents the discharge reaction and is an indi- 
cation of the capacity of the three electrodes. It is clear that the capacity of the electrode increased as the 
initial particle size of the TTB decreased. On the first discharge; the capacity realized was low since the elec- 
trode and the separator still contained the lower concentration of the formation acid. The capacity increased 
to a stable value on the 3rd cycle and this value continued over the next five cycles. 

Example 3 

A paste was prepared by reacting 5 moles of orthorhombic PbO with 1 mole of H 2 S0 4 in presence of 
amounts of Na 2 S0 4 , ranging from 0.05 to 1 .0M. Orthorhombic PbO (200 gm.) was added to 23 ml of Na 2 S0 4 
solution, acidified to a pH of 2 by the addition of H 2 S0 4 , and mixed thoroughly for half an hour. Then the re- 
maining 1.3 sp. gr. H 2 S0 4 was added to the mixture at a rate of about 1 ml/min and continued the mixing of 
the resultant paste. The reaction of the acid with the PbO is exothermic and raises the temperature of the 
paste. Therefore, the rate of the acid addition was controlled to keep the temperature of the paste below 50°C. 
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After all the acid was added, the paste was mixed for another half an hour until it had a smooth consistency 
and was then allowed to cool to room temperature. The density of the paste was obtained by measuring its 
weight in a precision cup of a fixed volume of two cubic inches and was 3.85 gms/ml. X-ray diffraction was 
used to determine the phases present in the paste. The paste was applied to 0.2 in. thick lead grids and the 
resultant plates were allowed to dry in the ambient atmosphere for 3 hours. The dried plates were cured at 
85°C and 100% humidity for 16 hours. After removing from the oven, they were allowed to cool to room tem- 
perature, washed for 3 hours in flowing deionized water, and dried at 50°C overnight. Pellets (1 .25 cm by 1 .78 
cm) were removed from the dry plate for further investigations. The phases present were determined by x- 
rays and the crystal size by scanning electron microscopy. In addition, the porosity and the pore size distrib- 
ution of the pellet was determined by Hg porosimetry. The results are shown in Table III. 
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In all the experiments, the phases present in the paste before curing were tribasic lead sulfate (3PbO- 
.PbS0 4 .H 2 0) and the two polymorphs, tetragonal and orthogonal, lead monoxide. These are the only phases 
that are stable in the reaction if the temperature of the paste is kept below 60°C. If the temperature of the 
paste rises above 60°C, TTB is formed in the paste and this results in a random distribution of TTB crystal 

5 sizes after curing. Thus, as discussed, maintaining the temperature of the paste below 60°C, preferably in the 
region of 50°C, is important if the tightest size distribution is desired. The paste made with no addition of 
Na 2 S0 4 (reaction 9) did not result in complete conversion to TTB upon subsequent curing at 85°C and 100% 
humidity for 16 hours. Pastes of this formulation were also cured for 72 hours without complete conversion. 
In contrast, reactions 1 0, 11 , and 12 with varying amounts of Na 2 S0 4 also had tribasic lead sulfate, tetragonal, 

10 and orthorhombic lead monoxide in the paste, however, on subsequent curing, they were completely convert- 
ed to TTB as detected by x-rays. For the paste with 0.05M Na 2 S0 4 the TTB crystals were relatively large- 
100 microns long and width of 15-20 microns. In the case of the pastes prepared with 0.5M and 1 .0M Na 2 S0 4 , 
the TTB crystals were significantly smaller-20-30 microns long and 1-2 microns wide, FIG. 1. The sizes are 
similar to that found in the reactions conducted in a stirred aqueous solution (reactions 2-6). In addition to con- 

15 trolling the crystal size, the porosity distribution is affected by the addition of Na 2 S0 4 to the paste. Although 
the total porosity of the plates for reactions 10 to 12 are similar, their median pore size is significantly changed. 
Also, most of the porosity is achieved with pores of dimension close to the median pore size. Thus, the process 
described provides means to control the crystal size of the TTB and controls the macroscopic structure of the 
positive plate by controlling the porosity, pore distribution, and surface area of the plate. 

20 

Example 4 

A large batch of paste was made by reacting 3 Kg of PbO with stoichiometric amount of H 2 S0 4 in the pres- 
ence of 0.5M Na 2 S0 4 by mixing the Ingredients in a fixed speed laboratory paste mixer using the procedure 

25 described in Example 3. The large batch was used to make 6.5 in.x7.0 in.x0.2 in. positive plates for cycling 
tests and compared versus control plates. Control plates were made by making a paste of 75% TTB (reaction 
1, containing no Na 2 S0 4 ), 25% Pb 3 0 4 and water to a density of 4.2gm/ml and pasting to lead grids. The control 
plates were then dried at 40°C for 72 hours. The experimental and control plates were electrochemically oxi- 
dized to Pb0 2 (formation) at 2.5A in 1.020 sp. gr. H 2 S0 4 (0.42M) at room temperature for 72 hours. The total 

30 charge applied represents greater than 150% of required based on a two electron conversion. All the samples 
were converted to Pb0 2 as confirmed by x-ray diffraction. Hg porosimetry was used to determine the pore 
distribution of the experimental and control plates, FIG. 4. The total porosity of the two types of plates were 
similar (49% for the experimental plate and 46% for the control plates), however, the pore distribution was sig- 
nificantly different. Most of the pores in the experimental plates were in the 4 to 1 .5 microns while in the control 

35 plates, pores of 2 to 0.005 microns were randomly distributed. 

For cycling tests, the positive plate was placed between two negative lead plates and separated by a glass 
fiber matt and placed in 1. 300 sp. gr H 2 S0 4 (5.3M). The plates were charged to a constant cell potential of 
2.4V and discharged at a constant current to a cutoff voltage of 1.75V. After about 40 one-day cycles-discharge 
for 4 hours at the 5.8A and 5Afor the experimental and control plates respectively, and charged to 2.4V for 

40 the remaining 20 hours with maximum current of 2.5A, the cells were discharged at different currents and two 
days of charge. The capacity per gram of the active material for the experimental and control plates is shown 
in FIG. 6. The experimental plates show greater than 40% higher capacity per gram over all the discharge rates 
(25Ato2.5A) tested. 



1. A process for fabricating a battery that has a lead based electrode comprising the steps of reacting lead 
oxide with sulfate in the presence of an excess of said sulfate to form a reaction product , applying a ma- 

50 terial comprising at least one component of said reaction product to an electrode structure and converting 

said material to lead dioxide. 

2. The process of claim 1 wherein said reaction is performed in a liquid medium. 

55 3. The process of claim 2 wherein said reaction is performed at a temperature above 60°C. 
4. The process of claim 3 wherein said material is formed into a paste. 
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5. The process of claim 1 wherein said reaction is performed at a temperature below 60°C. 

6. The process of claim 5 wherein said material is formed into a paste. 

s 7. The process of claim 6 including the step of curing said paste on said electrode. 

8. The process of claim 1 wherein said excess is introduced as a sulfate salt. 

9. The process of claim 1 wherein said lead dioxide has a prismatic crystal structure and an average crystal 
width less than 2.5um. 

10 

10. A battery comprising a positive and negative electrode contacting an electrolyte wherein said positive 
electrode comprises lead dioxide such that initially before substantial cycling of said battery said lead di- 
oxide has a prismatic crystal structure and an average width less than 2.5um. 
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FIG. 1 
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FIG. 2 
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